INTRODUCTION
Iron is essential to cell growth. Heme-containing iron proteins such as hemoglobin and the cytochromes have been extensively studied. In addition many other non-heme iron proteins are known which serve a wide variety of cellular functions. These include proteins involved in the transport and storage of iron such as ferredoxin, transferrin and ferritin as well as enzymes such as nitrate reductase and several oxidases. The role of iron in biological systems has been the subject of several recent reviews [1] [2] [3] . Heme proteins account for less than 10% of the total cellular iron, and even if one includes all the known non-heme iron proteins, it becomes apparent that the function of most of the total cellular iron remains to be discovered.
A wide variety of effects of iron deficiency have been discovered since Waring and Werkman first showed that catalase, peroxidase and hydrogenase activities were markedly lowered in iron-deficient Aerobacter indologenes [4] . Several citrate cycle enzymes were also depleted in these cells and the cytochrome absorption bands were not visible. More recently, Rainnie and Bragg have demonstrated that iron deficiency in E. coli may result in an impairment of energy coupling and a lower activity of the iron-containing enzymes of the respiratory chain [5] . Many of the metabolic consequences of iron deficiency have been reviewed by Lankford [6] . In this report, we describe the effect of iron deficiency on in vitro protein synthesis in E. coli as directed by polyuridylic acid.
(A preliminary account of this investigation was presented at the annual meeting of the Federation of American Societies for Experimental Biology, June, 1978, Atlanta, GA, Fed. Proc. 37, 1622, Abstr. Nos. 1935 Nos. , 1978 ).
MATERIALS AND METHODS

Organisms and growth conditions
E. coli B was grown in fernbach culture flasks acid-cleaned according to the method of Thiers [7] . The growth medium was the glycerol salts medium of Anderson [8] with minor modifications. It contained 60 mM K2HPO4, 11 mM KH2PO 4 (pH 7.8), 80 mM NaC1, 20 mM NHaC1, 3 mM NA2SO 4, 1% glycerol, 2/~M MnSO4, 2 ~M ZnCI2, 0.1 mM CaC12, 1 mM MgSO 4 and 2/~M FeSO 4. Irondeficient medium was identical except for the omission of FeSO 4. Phosphate and salt solutions were extracted with 8-hydroxyquinoline [4] . All metals except MgSO 4 were spectrographically pure (Johnson Matthey Chemicals, Ltd., London, England). Deionized water (Continental Water Service, Inc., Stoughton, MA) was further purified in a Coming Ag-lb glass still. An inoculum of 1.0 A49 o units was added to 500 ml of medium in 2800 ml 78 fernbach flasks. Cultures were incubated at 37°C on rotary shakers (Model V; New Brunswick Scientific Co., New Brunswick, N J). Cells were harvested at 13.5 h just as they were entering stationary phase.
Preparations of cell extracts and ribosomes
Cells were harvested by centrifugation at 12 000 Xg for 10 min at 4°C in the GSA rotor of the Sorval RC-2 centrifuge. The pellet was washed in buffer I (10 mM Tris (pH 7.8), 10 mM magnesium acetate, 60 mM NH4C1 ). S-30, ribosomal and S-100 fractions were prepared as described by Modolell [9] following cell disruption in a Sorvall RM cell fractionator at 12-15000 psi. RNase-free pancreatic DNase was obtained from Worthington Biochemical Corp. Ribosomes were pelleted in the A321 rotor of the IEC Model B-50 ultracentrifuge. Cells and extracts could be stored indefinitely in liquid nitrogen without loss of activity.
Assay for amino acid incorporation
The amino acid-incorporating mixture was prepared according to the procedure of Nirenberg [10] with a few modifications. Each 250/~1 reaction contained 10/~mol Tris (pH 7.8), 12.5 /~mol KC1, 10 ffmol MgAc, 1.275 /~mol 2-mercaptoethanol, 0.25 /~mol ATP, 0.075 ffmol GTP, 1.875 /~mol phosphoenolpyruvate (PEP), 12.5 k~g pyruvate kinase, 100 /~g tRNA, 80 /~g polyuridylic acid (poly(U)), 5 nmol [3H]phenylalanine (100 /~Ci/mol) and either 100/~1 S-30 or 50/~1 S-100 of known protein content [11] supplementing 50 /~1 (360/~g) of ribosomes. Ribosomal content of S-30 and ribosomal suspensions was estimated by the absorbance at 260 nm as measured in a Shimadzu QV50 spectrophotometer [9] . All data represent an average of five determinations and were corrected for incorporation due to endogenous messenger by the use of a blank in which poly(U) was omitted. After 20 rain incubation at 37°C, the reaction was stopped with 1 ml 20% TCA and heated at 90-95°C for 20 min. The precipitate was collected on a Whatman GF/C filter and washed with 50 ml cold 5 % TCA containing 0.1% phenylalanine. After soaking in 0.2 N KOH, the filter was dried and counted in Liquifluor (New England Nuclear, Boston, MA) in the Nuclear-Chicago Mark II Liquid Scintillation Counter. ATP (Na salt), GTP, poly-(U) and pyruvate kinase were obtained from Sigma Chemical Co. (St. Louis, MO). PEP was the trisodium salt from Calbiochem (La Jolla, CA). E. coli B tRNA and [3 H]lShenylalanine were obtained from Schwarz/Mann Bioresearch (Orangeburg, Y¥).
Assay for ribonuclease and protease
Ribonuclease was assayed using RNA from Torula yeast (Sigma) as standard [12] . Protease activity was assayed by the azocoll method (Calbiochem).
Sucrose density gradients of ribosomes
For analysis of ribosomes, 15 absorbance units at 258 nm were layered onto 5-20% linear sucrose density gradients in buffer I. Ultrapure RNase-free sucrose was obtained from Schwarz/Mann. Gradients were centrifuged at 180 000 X g for 2 h at 4°C in the SB283 rotor of the IEC Model B-50 ultracentrifuge. 6-drop fractions were collected by puncturing the bottom of the tube.
RESULTS
Growth
Growth of E. coli in iron-deficient (--Fe) medium results in a marked decrease in cell growth when compared with that of control cultures containing 2.0/~M added FeSO 4 (+Fe) (Fig. 1) . Both cultures grow with a generation time of approx. 1 h and enter stationary phase at 13 h. However, in the absence of added iron, the final absorbance at 490 nm is only about 25% of the control (Table 1) .
Sucrose density gradients of + Fe and , Fe ribosomes
Crude ribosomal preparations from +Fe and -Fe cells were compared by sedimentation through a 5-20% sucrose density gradient (Fig. 2) . tions. However, there was a subtle but highly reproducible increase in the sedimentation rate of -Fe ribosomes.
Biological activity of + Fe and -Fe S-30
An in vitro polyuridylic acid-directed polyphenylalanine-synthesizing system was used to compare the biological activity of + Fe and -Fe S-30. The iron-deficient preparation is only about 1/3 as active as a comparable extract from + Fe cells in its ability to incorporate [3H]phenylalanine into TCA-precipitable counts (Table 1) . Attempts to reverse the effects of iron deficiency by the addition of iron to -Fe S-30 preparation in vitro were unsuccessful. Furthermore, the requirement for heroin shown in the rabbit reticulocyte system [13, 14] does not apply. The loss of [3H]phenylalanine-incorporating activity in -Fe S-30 extracts could not be reversed by the addition of 50 #M hemin to the incubation mixture or 100/~M to the extraction buffer.
In vivo recovery from iron deficiency
The addition of iron (2 #M) to an iron-deficient culture just about to enter stationary phase brings about complete reversal of the inhibition of growth within 3.5 h (Fig. 1) and also results in a restoration of biological activity to the same level as that of control cells (Table 1 ). The addition of either nickel or cobalt under the same conditions had no effect. The addition of chloramphenicol (100 t~g/ml) or rifampicin (20/~g/ml) along with iron prevented the recovery of growth and resulted in 80% inhibition of the increase in protein-synthetic activity indicating that de novo synthesis of both protein and RNA are required for the recovery as measured by both parameters.
Kinetics of [ W] phenylalanine incorporation
The incorporation of labeled phenylalanine by S-30 extracts from +Fe and -Fe E. coli was assayed at several intervals during an extended incubation period of 40 rain. As can be seen in Fig. 3 , the lower activity of the -Fe preparation is evident as early as 2 min into the incubation period. The difference in incorporation due to iron deficiency increases sharply beyond that point until about 10 min incubation at which time the incorporation by both extracts is just about completed. Furthermore, there is no increase in the amount of incorporation directed by -Fe S-30 even if the incubation period is extended to 40 rain.
Biological activity of + Fe and --Fe crude ribosomes
Fractionation of S-30 preparations into crude ribosomes and supernatant fraction (S-100) was performed to determine whether the lesion due to iron deficiency can be localized in one of these fractions. The incorporation of [3H]phenylalanine by + Fe and -Fe crude ribosomes was assayed over a wide range of S-100 protein concentration for all four combinations of ribosomes and S-100 fractions (Fig. 4) . The replacement of -Fe S-100 with +Fe S-100 gave nearly a 50% increase in the activity of -Fe ribosomes. Conversely, incubation of +Fe ribosomes with -Fe S-100 resulted in a sharp decrease ability of + Fe ribosomed to incorporate [3H]phenylalanine. The +Fe ribosomes were always more active than -Fe ribosomes at higher S-100 concentrations. The fact that these differences in activity vary with the protein concentration indicates that more than one factor may be involved.
Both crude ribosomal preparations contain a significant amount of the components of the supernatant fraction. This explains the rather high level of incorporation obtained with both crude preparations in the absence of added S-100.
DISCUSSION
The effects of iron deficiency on E. coli are very different from those resulting from the deprivation of other nutrients. Under conditions of carbon, magnesium, phosphate or nitrogen starvation, there is a progressive and often complete degradation of ribosomes due to the activation of preexisting nucleases [15] [16] [17] [18] [19] [20] . Although the importance of magnesium to the integrity of ribosomes has been known for some time, the possible role of other divalent cations has been the subject of few investigations. We report here the first investigation into the effect of iron deficiency on bacterial ribosomes as measured by their function in in vitro protein synthesis. The degradation resulting from starvation for other nutrients is apparently not the case when cells are deprived of iron. The sucrose density gradient profile of iron-deficient ribosomes (Fig. 2) shows no evidence of degradation to slower-sedimenting moieties.
Although -Fe ribosomes are apparently only slightly altered physically, there is a remarkable difference in the activity of crude -Fe ribosomal preparations as compared to the control (Fig. 4) . It is known that crude ribosomal preparations contain significant amounts of several soluble factors. Thus, it is not possible on the basis of these data to discriminate between effects on the ribosomal moiety and the soluble factors. Analysis of ammonium chloride-washed ribosomes as well as tRNA and elongation factors are presently under way to determine more precisely the manner in which iron deficiency affects protein synthesis in E. coli. 
